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1.  INTRODUCTION 


The  purpose  of  this  work  was  to  develop  architectures  and 
devices  for  optical  interconnect  applications.  Specific 
accomplishments  include  investigation  of  a  free  space  switching 
architecture,  pulse  coincidence  detection  (AND  gate),  and  pulse 
coding  for  channel  selection. 

The  applications  for  this  work  are  extensive.  Almost  every 
future  military  system  will  require  optical  network  technology 
(interconnects)  at  both  the  microlevel  (on-chip  and  chip-to-chip) 
and  the  macrolevel  (LANs,  MANs,  WANs  and  Gateways). 

Present  trends  dictate  that  warfare  of  the  21st  Century  will 
require  more  remote  surveillance  and  analysis  of  potential 
conflicts.  Reaction  times  in  conflict  areas  will  shorten 
substantially.  Intelligence  and  surveillance  requirements  for 
information  fusion  will  move  communications  into  the  multi-gigabit 
rates  Lo  provide  positive  reaction  within  an  ever  decreasing  time 
frame. 

Optical  technology  will  be  the  technology  of  choice  to 
provide  adequate  answers  for  future  military  applications  in  time 
constrained  situations.  It  will  also  be  the  technology  of  choice 
for  a  wide  variety  of  other  military  applications  such  as  base, 
site,  and  space  communications. 

The  wide  bandwidths  associated  with  fiber  optic 
communications  will  permit  upward  compatibility  of  existing 
capabilities.  Examples  of  this  would  be  operational  clusters  using 
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integrated  services,  whether  military  or  commercial,  and  they  will 
find  the  high  performance  network  completely  transparent  to  their 
needs  and  capable  of  providing  gigabit  bandwidths  to  individual 
users.  Optical  technology  provides  other  unique  benefits  such  as 
greater  distances,  reduced  vulnerability  to  electromagnetic 
interference  (EMI),  as  well  as  a  substantial  decrease  in  weight  and 
volume.  This  last  attribute  makes  it  extremely  attractive  for  a 
wide  variety  of  space,  air  and  vehicle  applications.  Security  is 
also  enhanced  with  fiber  optic  communications  since  optical  fiber 
does  not  radiate  electromagnetic  fields. 


2.  FREE-SPACE  OPTICAL  TDM  SWITCH 

2 . 1  Development  of  a  Free-Space  TDM  System 

Optical  technology  offers  the  potential  for  designing  large 
dimension  switching/interconnect  systems.  Large  dimension  switches 
can  be  obtained  by  concatenating  several  stages  of  smaller  switch 
modules.  The  disadvantages  to  this  approach  are  the  large 
insertion  losses,  high  crosstalk  and  polarization  sensitivity  which 
limits  the  size  of  practical  systems.  Another  possibility  for 
achieving  large  dimensionality  is  to  perform  "logic  switching" 
instead  of  "physical  switching".  The  advantages  of  such  systems 
are  parallel  processing,  polarization  and  crosstalk  insensitivity, 
and  low  system  loss. 
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Recently,  there  has  been  considerable  interest  in  designing 
star  coupled  optical  cross-connects  [1-4],  One  possible 
implementation  uses  Frequency  Division  Multiplexing  (FDM) 
technology  [5,6].  However,  there  are  technological  limitations 
such  as  the  tunability  of  DBR  lasers  and  the  high  insertion  loss  of 
Fabry-Perot  filters  which  limits  the  capability  of  realizing  a 
large  number  of  ports.  Time  Division  Multiplexing  (TDM)  offers 
another  possibility  for  the  realization  of  a  large  input /output 
port  system  [7-10].  However,  there  are  several  technological 
issues  in  TDM  which  must  be  addressed  to  make  such  systems 
practical . 

There  are  two  possible  ways  to  design  the  switch,  either  a 
fixed  transmitter  with  a  variable  receiver  or  a  variable 
transmitter  with  a  fixed  receiver.  The  first  scheme  has  the 
inherent  advantage  of  broadcast  capability.  However,  design  issues 
for  both  the  schemes  are  the  same.  Other  efforts  for  the  design  of 
TDM  systems  have  been  implemented  with  optical  fiber  [7-10],  A 
free  space  approach  circumvents  technical  problems  such  as 
polarization  sensitivity,  large  input/output  star,  and  optical 
nonlinearities  inherent  in  fiber  based  systems.  A  large  dimension 
spatial  light  modulator  [11]  and  star  coupler  [12]  have  already 
been  experimentally  demonstrated.  This  offers  the  possibility  of 
a  free  space  NxN  interconnect  system.  However,  there  is  still  an 
open  issue  such  as  the  development  of  a  low-loss  high-speed  tunable 
delay  line  with  wide  tuning  range  and  high  finesse  [13]. 
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2.2  System  Configuration 


At  present,  circuit  switching  is  used  for  routing  telephone 
traffic.  In  this  type  of  switching  architecture  a  central 
processor  checks  the  availability  of  a  path.  If  the  path  is 
available,  a  connection  from  input  to  output  is  made.  The  central 
processor  makes  a  dedicated  physical  connection  between  the  input 
and  output.  Once  a  connection  is  made  it  stays  there  for  a  long 
period  of  time.  Therefore,  speed  requirements  for  the  processor  to 
set  up  a  connection  can  be  a  few  milliseconds. 

In  a  TDM  circuit  switching  system  each  user  is  assigned  a 
time  slot  of  duration  "t"  in  the  time  frame  HT".  In  the  ideal 
situation,  if  the  system  is  not  limited  by  optical  power,  the  ratio 
of  T/t  determines  the  maximum  possible  number  of  input/output 
ports.  Since  each  user  is  assigned  a  time  slot  on  the  frame  the 
corresponding  receiver  at  the  output  therefore  looks  only  in  the 
preassigned  time  slot  for  signal  recovery.  The  electrical  data 
signal  from  the  input  source  is  used  to  gate  the  optical  pulses 
from  the  centralized  source  for  the  duration  of  the  signal.  Figure 
2.1  shows  the  architecture  of  a  free-space  TDM  circuit  switching 
system  with  a  fixed  transmitter  and  tunable  receiver  assignment. 

In  this  configuration,  each  signal  gated  by  the  modulator  is 
shifted  in  time  for  a  fixed  time  duration.  The  signal  from  each 
encoder  is  then  multiplexed  in  time  by  the  passive  star  coupler  and 
then  the  composite  pulse  stream  is  broadcast  to  all  the  output 
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Schematic  diagram  of  a  Optical  Time-Division  Cross-Connect. 


sceivers .  The  receiver  is  tuned  over  the  duration  of  the  complete 
Line  frame  for  generation  of  the  electrical  signal.  The  desired 
ltput  signal  is  demultiplexed  from  the  pulse  stream  by  pulse 
^incidence  detection.  The  time  demultiplexing  is  achieved  by 
atically  sampling  the  pulse  stream  with  a  clock  signal  from  the 
Lme  delay  decoder. 

In  fixed  receiver  assignment,  the  gated  optical  signal  is 
lifted  in  time  depending  on  the  destination  address  of  the  input 
Lgnal  selected  by  the  time  delay  encoder.  The  decoder  delays  the 
Lock  signal  to  the  time  slot  corresponding  to  the  output  port, 
le  of  the  key  components  of  the  system  is  the  tunable  time  delay 
fstem  which  can  be  tuned  over  the  complete  time  frame  with  the 
“solution  of  a  pulse  duration.  For  the  circuit  switching  system, 
Dderate  setup  time  may  be  sufficient.  However,  high  finesse  is 
“cessary  for  a  large  dimension  switch. 


.  3  Experimental  Setup 

A  schematic  diagram  of  an  experimental  two  channel  TDM  system 
5  shown  in  Fig.  2.2.  In  this  system  an  optical  clock  from  a 
i:YLF  laser  (generating  100  psec  pulses  at  a  repetition  rate  of 
)0  MHz)  is  synchronously  distributed  to  each  optical  input  and 
ltput  port  of  the  switch.  At  each  input  port  an  SLM  modulates  the 
iput  optical  signal  by  the  electrical  data  signal.  For  the  fixed 
ransmitter  and  tunable  receiver  assignment  system  the  optical 
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Figure  2.2  Schematic  diagram  of  an  experimental  cross-connect. 


signals  are  then  moved  into  the  desired  output  time  slots  by  an 
appropriate  time  delay.  The  time  delays  at  the  receiver  are 
selected  by  the  destination  address. 

The  experimental  TDM  system  was  constructed  by  expanding  the 
beam  from  the  YLF  laser  onto  a  6x6  liquid  crystal  display  device. 
This  device  is  used  for  ON/OFF  modulation  of  the  light  signal.  The 
precise  time  delays  are  generated  by  free  space  optics.  The 
signals,  after  proper  delay,  are  mixed  and  broadcast  to  all  the 
outputs  with  the  help  of  a  passive  star  coupler.  Simple  beam 
splitters  are  used  for  mixing  and  broadcasting.  Each  output  of  the 
star  coupler  carries  a  time  multiplexed  encoded  signal  from  all  of 
the  inputs.  At  the  output  port,  the  time  multiplexed  input  signal 
and  fixed  time  delayed  clock  are  incident  on  an  optical  logic  AND 
gate  [ 14 ]  .  Threshold  logic  detection  is  performed  by  the  optical 
AND  gate.  The  system  has  a  fixed  transmitter  assignment 
architecture .  Figure  2 . 3  shows  the  signal  detected  at  the  receiver 
by  using  pulse  coincidence  detection  when  one  of  two  adjacent  users 
is  transmitting  and  the  reference  pulse  is  added  to  the  non-active 
user. 

Figure  2.4  shows  the  received  signal  when  the  non-active  user 
in  the  adjacent  time  slot  becomes  an  active  transmitter.  There  is 
a  substantial  difference  in  the  magnitude  of  the  output  at  the 
receiver.  The  substantial  increase  in  the  magnitude  of  the  signal 
facilitates  threshold  detection  and  signal  regeneration  at  the 
output.  The  number  of  users  on  the  system  can  be  increased  by 
increasing  the  number  of  time  slots  in  a  given  time  frame. 
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TIME-DIVISION  DEMULTIPLEXING 


3 . 1  AND  Gate  Operation 

The  development  of  high  data-rate  Time  Division  Multiplexed 
(TDM)  optical  interconnects  has  created  the  need  for  high-speed 
demultiplexing  and  detection  components  for  extracting  baseband 
data  from  high-rate  multiplexed  data  streams.  One  method  to 
realize  the  demultiplexing  is  by  performing  a  high  speed  AND 
operation  between  the  optical  clock  and  the  multiplexed  optical 
data  stream. 

Auston  [15]  proposed  the  use  of  two  amorphous  silicon 
photoconductive  gaps  in  series,  in  which  the  second  gap  samples  the 
electrical  signal  generated  at  the  first  gap,  to  implement  an 
optoelectronic  AND  operation.  This  reduces  the  complexity  of  the 
demultiplexing  circuit  by  combining  the  detection  and  AND 
operations  into  a  single  device.  Auston  demonstrated  a 
photoconductive  AND  gate  with  a  temporal  resolution  of 
approximately  10  ps.  Recently  a  photoconductive  InGaAsiFe  AND  gate 
was  developed  by  Desurvire  [14],  et  al.,  which  operates  in  the  1.3- 
1.5  micron  wavelength  region.  This  device  consists  of  two  5x5 
micron  photoconductive  areas  separated  by  a  250  micron  micro¬ 
stripline.  A  D.C.  bias  voltage  is  applied  to  one  side  of  the 
device  to  produce  a  potential  drop  across  the  photoconductive  areas 
which  in  turn  allows  a  current  to  flow  through  the  device  when 
photons  are  incident  on  the  photoconductive  areas. 
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To  determine  the  maximum  number  of  users  that  can  be 
accommodated  on  the  system  the  photoconductive  AND  gate  has  been 
characterized  using  2  psec  optical  pulses  to  investigate  the 
impulse  response,  recovery  speed  and  sensitivity. 

3.2  AND  Gate  Performance 

The  operating  characteristics  of  the  gate  were  investigated 
using  a  2  picosecond,  mode  locked,  pulse  compressed,  1.32  micron 
laser  source.  The  experimental  set-up  used  for  the  measurement  is 
shown  in  Fig.  3.1.  To  determine  the  device  impulse  response  and 
on/off  ratio  an  experimental  technique  similar  to  time  resolved 
pump/probe  spectroscopy  was  performed.  Figure  3.2a  shows  the 
experimentally  measured  impulse  responses  of  each  gap  and  Fig.  3.2b 
shows  the  response  of  the  gate  as  a  function  of  the  time  delay 
between  the  pump  and  probe  beam. 

The  impulse  response  measurements  using  the  2  psec  optical 
pulses  indicate  that  the  photoconductive  gaps  have  FWHM  responses 
of  less  than  20  psec.  However,  the  existence  of  slowly-decaying, 
low-amplitude  tails,  possibly  caused  by  surface  states  or  defects 
resident  at  the  ternary-binary  interface,  are  the  limiting  factor 
in  the  operating  speed  of  the  device.  This  limitation  was 
confirmed  by  the  time-resolved,  picosecond  correlation  measurements 
in  which  the  operating  speed  of  the  device  was  determined  to  be  5 
GHz.  The  correlation  measurements  also  indicate  that  the  maximum 
contrast  ratio  of  the  gate  at  pulse  energies  of  270  fJ  was 
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Mode-Locked  Nd.YAG,  Pulse-Width=  1 0Ops 

Fiber-Grating  Pulse  Compression,  Pulse-Width=2.0ps 

- 

k 

Figure  3.1  Experimental  setup  for  AND  Gate  measurements. 


Peak  Output  Voltage,  Vp  ( mV ) 


approximately  2:1.  The  impulse  response  and  time-resolved 
correlation  measurements  verified  that  the  AND  gate  could  operate 
at  5  Gbps  with  low  cross-talk  from  pulses  in  adjacent  time-slots. 
Furthermore,  the  low-noise  characteristics  of  the  photoconductive 
gate  offset  the  gate's  low  contrast  ratio  to  yield  a  57  dB  SNR  and 
a  BER  performance  of  less  than  10-15. 

3 . 3  Future  AND  Gate  Experiments 

Work  is  now  underway  to  develop  an  AND  gate  fast  enough  to 
demultiplex  baseband  information  from  a  data  stream  with  aggregate 
data-rates  above  5  Gbps.  The  new  AND  gate  will  consist  of  two 
photon  assisted  Al/Al03  tunneling  diodes  connected  in  series. 
Several  devices  will  be  fabricated  as  part  of  this  effort. 
Measured  data  based  on  several  parameters,  such  as  impedance  as  a 
function  of  frequency,  will  provide  information  to  calculate  the 
exact  thickness  of  the  insulating  layer  of  the  tunnel  junction. 
Additional  devices  will  be  fabricated  and  tested  in  an  optical  TDM 
interconnect  environment . 

4.  OPTICAL  DELAY  LINE  CODER 


4.1  OTDM  Coder  Description 

In  many  optical  communication  systems  applications,  such  as 
broad-band  networks,  packet-switching,  and  computer  interconnects, 
optical  time-division  multiaccess  (OTDM)  has  become  an  important 
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means  of  simultaneously  carrying  many  data  channels  on  a  single 
fiber  [16-18].  OTDM  works  as  follows.  If  N  data  channels,  each 
with  a  bit  rate  1/T,  are  to  share  the  fiber,  then  each  bit  interval 
is  divided  into  N  time  slots  j  =  0,...,N-1  of  duration  t  within  a 
time  frame  of  duration  T  as  illustrated  in  Fig.  4.1.  The  time 
slots  correspond  to  addresses,  either  of  the  source  (as  in  fixed- 
transmitter  assignment  OTDM)  or  the  destination  (as  in  fixed- 
receiver  assignment  OTDM) . 

The  OTDM  coder  selects  the  desired  address  by  delaying  the 
data  to  the  appropriate  time  slot.  OTDM  differs  from  conventional 
electrical  TDM  in  that  optical  rather  than  electrical  delays  are 
used  in  the  coder  [19-21],  which  allows  the  manipulation  of 
extremely  short  optical  pulses  generated  by  a  mode-locked  laser  and 
correspondingly  short  time  slots  t  (as  short  as  a  few  femtoseconds 
duration).  Since  the  maximum  throughput  N/T  of  the  network  is  1/t, 
OTDM  can  yield  much  higher  throughputs  (as  high  as  several  Tb/s) 
than  electrical  TDM.  For  high-speed  access  to  a  large  network,  the 
OTDM  coder  must  rapidly  select  one  of  a  large  number  of  optical 
delays . 

4.2  OTDM  Coder  Operational  Configuration 

The  coder  shown  in  Fig.  4.1  allows  rapid  tuning  among  a  large 
number  of  delays.  The  feed-forward  structure  consists  of  log2N 
delay  stages  k  =  l^.^log^  and  an  output  stage.  Thompson  has 
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shown  analytically  that  a  feed-forward  structure  requires  fewer 
stages  than  a  feed-back  structure  [22].  Each  delay  stage  consists 
of  a  2x2  optical  switch,  a  connection  to  the  next  stage  at  one 
output,  and  a  fixed  optical  delay  in  excess  of  the  "connection” 
delay  at  the  other  output.  The  value  of  the  fixed  excess  delay  for 
the  kth  stage  is  T/2k.  Only  one  input  is  used  to  the  first  stage. 
The  output  stage  consists  of  a  2x2  optical  switch,  where  only  one 
output  is  used.  Each  optical  switch  can  rapidly  be  set  in  either 
the  bar  or  cross  state.  The  state  of  a  switch  is  set  by  the 
electrical  control  input,  where  a  0  at  the  control  sets  the  2x2 
switch  in  the  cross  state,  whereas  a  1  sets  the  2x2  switch  in  the 
bar  state. 

The  state  of  the  coder  is  set  by  a  control  sequence 
(S1  ,S2, . . .  ,Slog2N) ,  where  control  bit  Sk  sets  the  state  of  the  kth 
stage,  and  the  output  stage  is  set  equal  to  0  if  the  parity  of  the 
control  sequence  is  odd,  or  to  1  if  the  parity  of  the  control 
sequence  is  even.  The  output  stage  serves  only  to  ensure  that  the 
delayed  pulse  always  exits  at  the  chosen  output  of  the  2x2  optical 
switch.  The  control  sequence  for  the  jth  slot  is  generated  from 
the  binary  representation  of  the  integer  j,  (b,  ,b2, . . .  ,blogN)  where 
b1  is  the  most  significant  bit,  according  to  the  rule  S1  =  (not)b,,, 
and  for  i=2 , . . . , log2N,  Si  =  0  if  bi  =  b-  ., ,  otherwise  Si  =  1. 

After  the  control  sequence  has  set  the  coder  as  described 
above,  the  sampled  data  will  be  delayed  by  an  amount  jt  in  excess 
of  the  reference  delays,  accomplishing  the  desired  time-division 
coding  operation. 
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An  OTDM  coder  is  presented  for  64  100  Mb/s  channels.  Here  T 
=  10  ns  and  t  =  156.25  ps.  The  complete  coder  requires  six  delay 
stages  k=l ,...., 6  with  time  delays  Dk  =  10/2k  ns,  corresponding  to 
fiber  lengths  Lk=2 . 052 /2k  m,  where  the  index  of  refraction  of  the 
fiber  core  is  nf=1.462. 

4.3  OTDM  Coder  Performance 

Various  coder  delays  were  measured  using  a  Nd : YAG  laser 
operating  at  1.3  microns  and  generating  100  ps  optical  pulses  at  a 
100  MHz  repetition  rate.  As  shown  in  Fig.  4.2,  the  output  of  the 
laser  is  split  by  a  coupler  (c)  so  that  part  of  the  optical  pulse 
propagates  through  the  coder  and  the  remainder  through  a  reference 
delay.  The  output  of  the  coder  and  the  reference  delay  are 
combined  by  a  coupler  (C2),  detected  by  a  20  GHz  bandwidth 
photodetector  (PD)  and  displayed  on  a  sampling  oscilloscope.  In 
OTDM  network  applications,  recovery  of  data  within  a  given  time 
slot  can  be  performed  by  optical  coincidence  detection  with  a 
synchronous  optical  pulse  train  using,  for  example,  the 
photoconductive  AND  gate  described  previously  [8,23]. 

Shown  in  Fig.  4.3  are  the  reference  pulses  (higher  peaks)  and 
coded  pulses  (lower  peaks),  corresponding  to  the  following  time 
slots:  (a)  slot  0  (ideal  delay  0  ps);  (b)  slot  1  (ideal  delay 
156.25  ps);  (c)  slot  16  (ideal  delay  2.5  ns);  (d)  slot  32  (ideal 
delay  5  ns);  and  (e)  slot  49  (ideal  delay  7.65625  ns).  Slots  17, 
33,  and  48  were  also  coded  but  the  results  are  not  shown  here.  The 
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1.319  micron,  mode-locked,  Nd.YAG  Laser 
pulse  width  « 100  ps,  rep.  rate  -  100  MHz 
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time  delay  relative  to  slot  0,  measured  with  the  oscilloscope's 
cursor  function,  is  shown  for  each  case.  The  maximum  aggregate 
error  in  measured  delay  is  2.5%  of  a  time  slot.  This  could  be  due 
to  measurement  error  (positioning  of  the  cursor  on  the 
oscilloscope)  or  an  error  in  the  length  of  fiber  in  stage  2. 

The  measured  input  and  output  powers  of  the  coder  are  399  and 
1  uW,  corresponding  to  approximately  26  dB  total  insertion  loss. 
This  includes  3  dB  splitting  loss  in  Cl,  and  insertion  losses 
of  3.5  dB  in  DC1,  4.5  dB  in  DC2,  and  15  dB  in  DC6.  These 
insertion  losses  are  primarily  due  to  f iber-to-waveguide  coupling 
at  the  input  and  output  of  the  directional  couplers,  which  can  be 
compensated  using  fiber  amplifiers. 

The  design  of  the  OTDM  coder  is  influenced  by  the  number  of 
channels  N  and  the  bit-rate  per  channel  1/T:  t  determines  the 
minimum  delay  as  well  as  the  precision  required.  For  delays  T/2 
longer  than  approximately  50  ps  (1/T  <  10  Gb/s),  either  fiber  or 
integrated-optic  delays  may  be  suitable  due  to  the  long  path  length 
required  (>  1  cm).  Long  delays  (several  tens  of  cm)  have  been 
demonstrated  using  low-loss  (0.04  dB/cm)  doped  silica  integrated- 
optic  waveguides  [24].  For  delays  shorter  than  50  ps,  integrated- 
optic  waveguides  are  most  suitable,  since  lithographic  techniques 
can  routinely  yield  a  precision  of  less  than  1  um  (5  fs  delay). 

In  situations  where  N  is  large,  both  long  and  short  delays  are 
required  with  an  error  of  less  than  T/10  N.  For  example,  if  1/T  = 
1  Gb/s  and  N  =  1000  (10  stages)  then  the  total  error  in  delay 
should  be  less  than  20  um.  This  is  easily  achieved  with 
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integrated-optic  waveguides,  which  would  be  used  for  the  last  seven 
stages  of  the  coder,  ranging  in  length  from  1.25  cm  (T/16)  to  195 
um  (T/1028).  However,  this  precision  could  not  easily  be  achieved 
if  fiber-optic  delays  are  used  for  the  first  three  stages  of  the 
coder,  ranging  in  length  from  10  (T/2)  to  2.5  cm  (T/8).  Here,  long 
serpentine  integrated-optic  delays  would  yield  the  required 
precision  [24]. 

5.  SUMMARY 


This  work  demonstrates  the  potential  of  optics  to  process 
information  at  rates  much  higher  than  electronics.  However,  the 
impact  of  optical  processing  capabilities  has  yet  to  be  experienced 
by  the  military  user.  Specific  device  developments  are  required 
before  this  potential  can  be  realized.  Many  of  the  key  devices 
required  which  were  barely  definable  a  few  years  back  are  now  being 
developed  within  the  Photonics  Center  at  Rome  Laboratory.  Some  of 
the  devices  being  developed  that  hold  the  key  to  superior  military 
systems  are  optical  amplifiers,  MQW  detectors  and  optical  delay 
line  coders  (an  integrated  device). 

Due  to  a  rapid  change  in  world  politics,  it  will  become 
necessary  to  develop  systems  capable  of  handling  a  great  deal  of 
intelligence  and  surveillance  information  as  we  move  away  from  a 
large  global  military  structure  and  into  a  reduced  force  required 
to  monitor  worldwide  situations  and  move  rapidly  and  decisively 
when  required. 
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Processing  speeds  continue  to  escalate  and  reaction  times  in 
military  situations  continue  to  decrease.  Both  these  factors  put 
severe  demands  on  interconnect  systems.  Military  applications  in 
the  21st  Century  dictate  that  arbitration  be  capable  of  multi¬ 
gigabit  rates.  The  answers  to  these  demands  will  be  found  in 
optical  network  technology  such  as  that  contained  in  this  report 
and  in  the  references  cited. 
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